
United States Patent 
US006260423B1 

(12) (10) Patent N0.: US 6,260,423 B1 
Garshelis (45) Date 0f Patent: *Jul. 17, 2001 

(54) COLLARLESS CIRCULARLY MAGNETIZED 0272122 6/1988 (EP) . 
TORQUE TRANSDUCER AND METHOD 0352187 1/1990 (EP) ~ 
FOR MEASURING ToRQUE USING SAME 0422702 4/1991 (EP) - 

(76) Inventor: Ivan J. Garshelis, 176 S. Mountain (L15t Continued on next Page) 
Rd., Pitts?eld, MA (US) 01201 

OTHER PUBLICATIONS 

( * ) Notice: Subject to any disclaimer, the term of this _ _ 
patent is extended or adjusted under 35 Garshelis, “A Study of the Inverse Wiedemann Effect on 
U_S_C_ 154(k)) by 0 days_ Circular Remanence, ” IEEE Trans. on Magn., MAG—10 

No. 2 344—58 (1974). 
This patent is subject to a terminal dis- _ _ 
Claimm (List contmued on next page.) 

(21) Appl, No.1 09/655,606 Primary Examiner—Max Noori 
_ (74) Attorney, Agent, or Firm—Nixon Peabody LLP; Stuart 

(22) Filed: Sep. 5, 2000 J_ Friedman 

Related US. Application Data (57) ABSTRACT 

(63) Continuation of application No. 09/175,546, ?led on Oct. A magnetoelastic torque Sensor for providing an Output 
20, 1998, now Pat. No. 6,145,387. signal indicative of the torque applied to a member about an 

(60) Provisional application NO- 60/064,831, ?led On Oct 21, axially extending axis of the member, comprising, a ?rst 
1997' ferromagnetic, magnetostrictive region in the member, the 

7 region being magnetically polarized in a single circumfer 
(51) Int. Cl. ...................................................... .. G01L 3/02 entiai direction and possessing suf?cient magnetic anisot_ 

U-S- Cl- .............................. .. ropy to return the magnetization in the region, following the 
324/207~21 application of torque to the member, to the single circum 

(58) Field of Search ..................... .. 73/862333, 862.332, ferential direction When the applied torque is reduced to 
73/86208, 862.334, 862.336, 862.335 Zero, Whereby the ferromagnetic, magnetostrictive region 

produces a magnetic ?eld varying With the torque. Magnetic 
(56) References Cited ?eld sensors are mounted roximate to the ferroma netic, P g 

magnetostrictive region and oriented With respect thereto to 
US' PATENT DOCUMENTS sense the magnetic ?eld at the sensors and provide the output 

2,511,178 6/1950 Roters . signal in response thereto. At least the ferromagnetic, mag 
3,939,448 2/1976 Garshelis . netostrictive region of the member is formed of a material 
4,364,278 12/1982 Hoftef et a1~ - having a coercivity suf?ciently high that the ?eld arising 
4,523,482 6/1985 Barkhoudarian. 

(List continued on next page.) 

FOREIGN PATENT DOCUMENTS 

1115051 10/1961 (DE). 
3437379 4/1985 (DE). 
0162957 12/1984 (EP). 
0270122 6/1988 (EP). 

2 

0 MLB 
\ \ 
\ 

2 

ll 

24 

\ Field Sensor 
\\ \ 

Shaft > )1 
k 

A B A 
Circumferentially 

from the ferromagnetic, magnetostrictive region does not 
magnetiZe regions of the member proximate to the 
ferromagnetic, magnetostrictive region to give rise to para 
sitic magnetic ?elds Which are of suf?cient strength to 
destroy the usefulness, for torque sensing purposes, of the 
net magnetic ?eld seen by the magnetic ?eld sensor means. 

30 Claims, 8 Drawing Sheets 

Polarized Regions 



US 6,260,423 B1 
Page 2 

US. PATENT DOCUMENTS 

4,627,298 12/1986 Sahashi et al. . 
4,760,745 8/1988 Garshelis . 
4,805,466 2/1989 Schiessle et al. . 
4,811,609 * 3/1989 Nishibe et al. ............... .. 73/862333 

4,882,936 11/1989 Garshelis . 

4,891,992 1/1990 Kobayashi et al. . 
4,896,544 1/1990 Garshelis . 
4,899,598 2/1990 Gumaste et al. . 
5,052,232 10/1991 Garshelis . 
5,323,659 6/1994 Wakamiya et al. . 
5,351,555 10/1994 Garshelis . 
5,386,733 2/1995 Hesthamar et al. . 
5,465,627 11/1995 Garshelis . 
5,520,059 5/1996 Garshelis . 
5,591,925 1/1997 Garshelis . 
5,706,572 1/1998 Garshelis . 
5,708,216 1/1998 Garshelis . 
6,047,605 * 4/2000 Garshelis ...................... .. 73/862333 

6,145,387 * 11/2000 Garshelis ...................... .. 73/862333 

FOREIGN PATENT DOCUMENTS 

2167565 5/1986 (GB) . 
59-009528 1/1984 (JP) . 
359192930 11/1984 (JP) . 
59-192930 11/1984 (JP) . 
1318933 12/1989 (JP) . 
5203508 8/1993 (JP) . 
9001781 2/1990 (WO) . 

OTHER PUBLICATIONS 

Garshelis, “The Wiedemann Effects and Applications,” 
IEEE Applied Magnetics Conference, 75 CH0964—7 MAG, 
38 pagess (1975). 
Garshelis, “Conditions for Stress Induced Bulk Moments,” 
J. Appl. Phys. 50(3), 1680—2 (1979). 
Garshelis, “A Versatile Magnetostrictive Displacement 
Transducer,” IEEE Industrial Electronics Control Instru 
mentation Conference, 76 CH1 117—1 IECI, 99—105 (1976). 

Y. Nonomura, E.A., “Measurements of Engine Torque With 
the Inter—Bearing Torque Sensor,” SAE Technical Paper 
1988, pp. 2.329—2.339. 

G. Reiniger, “Halbleitersensoren Fur Massenmarkte,” Ele 
ktrotechnik, Jan. 1985, WurZburg DE, pp. 199—202. 

Garshelis, Ivan J. and Christopher R. Conto, AA Torque 
Transducer Utilizing TWo Oppositely PolariZed Rings@ 
IEEE Transactions On Magnetics, vol. 30, No. 6, Nov. 1994, 
pp. 4629—4631. 

Garshelis, Ivan J. et al., ADevelopment of Magnetoelastic 
Torque Transducer for Automotive Transmission Applica 
tions@ SAE Paper No. 9070605. 

Garshelis, Ivan J. and CR. Conto, AA Magnetoelastic 
Torque Transducer UtiliZing a Ring Divided Into TWo Oppo 
sitely PolariZed Circumferential Regions@ J. Appl. Phys. 79 
(8), Apr. 15, 1996, pp. 4756—4758. 
Garshelis, Ivan J. et al., AASingle Transducer for NonCon 
tact Measurement of the PoWer, Torque and Speed of a 
Rotating Shaft@ SAE Technical Paper Series 950536, Feb. 
27, 1995, pp. 57—65. 

Garshelis, Ivan J ., AInvestigations of Parameters Affecting 
the Performance of PolariZed Ring Torque Transducers, 
IEEE Transactions On Magnetics, vol. 29, No. 6, Nov. 1993, 
pp. 3201—3203. 

Garshelis, Ivan J. AA Torque Transducer UtiliZing a Circu 
larly PolariZed Ring@ IEEE Transactions On Magnetics, 
vol. 28, No. 5, Sep. 1992, pp. 2202—2204. 

Patent Abstracts of Japan, vol. 8, No. 97 (P—272) (1534) 
May 8, 1984. 

Garshelis, AA Non—contact Torque Sensor Using a Shape 
Memory Alloy@, 2244 Research Disclosure (1994) Mar., 
No. 359 EmsWorth GB. 

* cited by examiner 



U.S. Patent Jul. 17, 2001 Sheet 1 0f 8 US 6,260,423 B1 

24 

2 

‘k 6 2o '4 8 l6 
\ \ \ Field Sensor ( 

II \ \ i I 

—'" Shaft _4_ _.___ 

k 

A B A i 
Circumferentially l0 '2 

F/ Polarized Regions 

mg Field Sensor 

0 
A B C 
Circumferentiaiiy 

Fl Polarized Regions 

m Field Sensor 

Shouldered 
Shaft 

FIG. 1(a) A B C 
Circumferentiaiiy 
Poiarized Regions 



U.S. Patent Jul. 17, 2001 Sheet 2 0f 8 US 6,260,423 B1 

Field Sensor(s 

O J ) 
Circumferentialiy 
Polarized Region 

: Field Sensor 

C‘ f t‘ II F I I (e) Pglgurirgearanegosrlis 
Magnetoelastically 
Acme Shaft --\ K Field Sensor 

____ __ :1 

Main Shaft 
C. 

F I G. I ( f) glifé‘iil‘ii'é‘iiigiis 

00> g 1 
8 

Fl l (g ) A Circumferentiauy 
Polarized Regions 



U.S. Patent Jul. 17, 2001 Sheet 3 0f 8 US 6,260,423 B1 

Typical M vs H Hysteresis Loop 

20 

MAGNETIZATION - KG R 

FIG. 2(a) 

-100 -80 ~60 -40 4O 60 80 100 

FIELD-0e 

Minor MH Loop 

1.0 '1' 

MAGNETIZATION - KG 

0.5 - 

FIG. 2(b) 

l l L l l 
l I I I I 

4 6 8 1012 

FIELD-0o 





U.S. Patent Jul. 17, 2001 Sheet 5 0f 8 US 6,260,423 B1 

IVIYYT'I'YII‘IIIIIIIIYI'I'III‘YI'YIIII 

+ 0.25 mm magnet/shaft gap 
—€i— 0.0 mm gap (rubbing) 

Radial Field at 0.25 mm gap 
Allegro 3506 Hall Cell 
Hall Cell Sensitivity = 2.5 mV/Gauss 
Ampli?er Gain = 20 

SENSITIVITY - mVIN-m (J ‘IIT‘TTIIIIIIlIIIIIIIIIIIIII' Illllllllllllllllllllllllllll 
llllLllllllLllllLl'lllllll-ll'llL 

0 2 4 6 8 10 12 14 

MAGNETIZING CURRENT - A 

FIG. 4 

O .4 m 

FIELD INTENSITY 5-0: 



Jul. 17, 2001 Sheet 6 0f 8 US 6,260,423 B1 

. I .rwrtvrrrl. 

y = mx + b 
b = 2.1416 8-20 
m=0.089638 
r*= 0.99908 

50 0 10 20 3o 40 

ccw TORQUE - Nm CW 

Low Permeability 
/- Passive Regions —\ 

ble 
ion 

m FIELD SENSOR 

U.S. Patent 

4 3 2 4| 0 J» 2 3 .4 

- . - 

-50l -30 -2O -1O 

D W521: 
F l G. 7 



U.S. Patent Jul. 17, 2001 Sheet 7 0f 8 US 6,260,423 B1 

Electrical Current Source 

FIG. 8 

m=E .. mmhmsz? z_ ww<wm0wo 

0 

1 8 6 4 2 0 
-\ J 1 .- d < n - a _ 1 ~ _ _ — - ‘. q - — - & 

n .m C 
1 U 

.0 e 
- R N, 

v r 

v m .w 

s l 

H m m . 

D S H 

m - 

r l 

n n n n _ n I - - _ \r n u n _ - - h n — h u r n — - - - h l 

0 0 0 0 0 0 
6 5 4 3 2 1 

3001 - >:>Ewzww 

o 1 l 1 

0.215 0.220 0.225 0.230 0.235 0.240 0.245 0.250 

ROLL SEPARATlON - inches 

FIG. 9 



w=E - mmhmi?o Z_ mw<mm0wO 7 6 5 4 3 2 1 O 

500 

US 6,260,423 B1 

l l L l l l l L 

300 400 

DURATION OF ROLLING - s 

Jul. 17, 2001 Sheet 8 0f 8 

—®— Diameter Reduction 

-—l— Sensitivity 

Shaft Speed - 250 rpm 

l l L l L l 

100 200 

I n n I _ b P D I _ P I I P@ 

0 w 0 O O 

2 8 6 4 

1 1 

.8601 - >:>Ewzww 
. V - - n v r 

U.S. Patent 

140 

FIG. IO 



US 6,260,423 B1 
1 

COLLARLESS CIRCULARLY MAGNETIZED 
TORQUE TRANSDUCER AND METHOD 
FOR MEASURING TORQUE USING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the priority of US. provisional 
application Ser. No. 60/064,831, ?led Oct. 21, 1997 and is 
a continuation of US. patent application Ser. No. 09/175, 
546, ?led Oct. 20, 1998, patented to US. Pat. No. 6,145,387. 

FIELD OF THE INVENTION 

The present invention relates to torque sensors and, more 
particularly. To non-contacting magnetoeleastic torque sen 
sors for providing a measure of the torque applied to a shaft. 

BACKGROUND OF THE INVENTION 

In the control of systems having rotating drive shafts, 
torque and speed are the fundamental parameters of interest. 
Therefore, the sensing and measurement of torque in an 
accurate, reliable and inexpensive manner has been a pri 
mary objective of Workers for several decades. 

Previously, torque measurement Was accomplished using 
contact-type sensors directly attached to the shaft. One such 
sensor is a “strain gauge” type torque detection apparatus, in 
Which one or more strain gauges are directly attached to the 
outer peripheral surface of the shaft and a change in resis 
tance caused by strain is measured by a bridge circuit or 
other Well knoWn means. HoWever, contact-type sensors are 
relatively unstable and of limited reliability due to the direct 
contact With the rotating shaft. In addition, they are very 
expensive and are thus commercially impractical for com 
petitive use in many of the applications, such as automotive 
steering systems, for Which torque sensors are noW being 
sought. 

Subsequently, non-contact torque sensors of the magne 
tostrictive type Were developed for use With rotating shafts. 
For example, US. Pat. No. 4,896,544 to Garshelis discloses 
a sensor comprising a torque carrying member, With an 
appropriately ferromagnetic and magnetostrictive surface, 
tWo axially distinct circumferential bands Within the mem 
ber that are endoWed With respectively symmetrical, heli 
cally directed residual stress induced magnetic anisotropy, 
and a magnetic discriminator device for detecting, Without 
contacting the torqued member, differences in the response 
of the tWo bands to equal, axial magnetiZing forces. Most 
typically, magnetiZation and sensing are accomplished by 
providing a pair of excitation or magnetiZing coils overlying 
and surrounding the bands, With the coils connected in series 
and driven by alternating current. Torque is sensed using a 
pair of oppositely connected sensing coils for measuring a 
difference signal resulting from the ?uxes of the tWo bands. 
Unfortunately, providing sufficient space for the requisite 
excitation and sensing coils on and around the device on 
Which the sensor is used has created practical problems in 
applications Where space is at a premium. Also, such sensors 
appear to be impractically expensive for use on highly 
cost-competitive devices, such as in automotive applica 
tions. 
More recently, torque transducers based on measuring the 

?eld arising from the torque induced tilting of initially 
circumferential remanent magnetiZations have been devel 
oped Which, preferably, utiliZe a thin Wall ring (“collar”) 
serving as the ?eld generating element. See, for example, 
US. Pat. Nos. 5,351,555 and 5,520,059 to Garshelis. Tensile 
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2 
“hoop” stress in the ring, associated With the means of its 
attachment to the shaft carrying the torque being measured 
establishes a dominant, circumferentially directed, uniaxial 
anisotropy. Upon the application of torsional stress to the 
shaft, the magnetiZation reorients and becomes increasingly 
helical as torsional stress increases. The helical magnetiZa 
tion resulting from torsion has both a circumferential com 
ponent and an axial component, the magnitude of the axial 
component depending entirely on the torsion. One or more 
magnetic ?eld vector sensors sense the magnitude and 
polarity of the ?eld arising, as a result of the applied torque, 
in the space about the transducer and provides a signal 
output re?ecting the magnitude of the torque. The stability 
of this transducer’s “torque-to-?eld” transfer function under 
rigorous conditions of use re?ects the efficacy of uniaxial 
anisotropy in stabiliZing circular polariZations. This 
anisotropy, together With the spatially closed nature of the 
quiescent polariZation, is also the basis of a striking immu 
nity from polariZation loss in relatively large ?elds. While 
the ?elds that arise from the ring itself have only hard axis 
components relative to the anisotropy, “parasitic” ?elds 
from permeable material that is close enough to become 
magnetiZed by the ring ?eld have no such limitation. The 
addition of such parasitic ?elds to the torque dependent ?eld 
from the ring can seriously degrade the near ideal features of 
the transfer function. As a result, in order to avoid a major 
source of such distortion, either the underlying shaft, or a 
sleeve that is placed betWeen the shaft and the ring, is 
generally fabricated from a paramagnetic material. In 
addition, inasmuch as the peak alloWable torque in a ring 
sensor is limited by slippage at the ring/shaft interface, 
concerns have been expressed regarding distortion arising 
from slippage at the ring/ shaft interface under conditions of 
torque overload. This need for multiple parts of different 
materials, together With the requirement that the methods 
and details of their assembly establish both a rigid, slip-free 
mechanical unit and a desired magnetic anisotropy, have 
encouraged the investigation of alternative constructions. 

SUMMARY OF THE INVENTION 

Therefore, it is an object of the present invention to 
provide a magnetoelastic torque transducer in Which the 
active, torque sensing region is formed directly on the shaft 
itself, rather than on a separate ferromagnetic element Which 
then has to be af?xed to the shaft. 

It is another object of the invention to provide a magne 
toelastic torque transducer in Which the peak alloWable 
torque is determined by the strength of the shaft material 
itself, rather than by slippage at an active element/shaft 
interface as in prior art sensors. 

It is yet another object of the invention to provide a 
magnetoelastic torque transducer Which depends upon the 
magnetocrystalline anisotropy of the shaft itself as the 
primary source of anisotropy for returning the magnetiZation 
to its previously established circumferential direction When 
the torque is reduced to Zero, rather than upon techniques for 
instilling uniaxial magnetic anisotropy in the active, torque 
sensing region of a separate ferromagnetic element. 

It is still another object of the invention to provide a 
collarless magnetoelastic torque transducer Which depends 
for its operation on the sensing of a quantity that is inher 
ently Zero When the torque being measured is Zero and Which 
changes in both direction and magnitude in a correlative 
manner With the torque being measured. 

It is yet another object of the invention to provide a 
magnetoelastic torque transducer Which requires no external 
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exciting ?eld for its operation and Which requires neither 
exciting currents nor coils. 
A further object of the invention is to provide a magne 

toelastic torque transducer including a unitary shaft of 
generally homogeneous chemical composition throughout 
comprising separate active and passive regions having mag 
netic properties appropriate for its respective function. 
A still further object of the invention is to provide a 

non-contact method for measuring torque comprising the 
steps of providing a torqued member having a transducing 
region, magnetically polariZing the region in a single cir 
cumferential direction, the region possessing suf?cient mag 
netic anisotropy to return the magnetiZation in the region, 
folloWing the application of torque to the member, to the 
single circumferential direction When the applied torque is 
reduced to Zero, Whereby a transducing region ?eld arises 
Which varies in response to torque on the member, and 
measuring a component of ?eld output of the transducer as 
an indication of torque on the torqued member, the torqued 
member being formed of a polycrystalline material Wherein 
at least 50% of the distribution of local magnetiZations lie 
Within a 90° quadrant symmetrically disposed around the 
direction of circular remanence and having a coercivity 
sufficiently high that the transducing region ?eld does not 
create parasitic magnetic ?elds in proximate regions of the 
member of suf?cient strength to destroy the usefulness, for 
torque sensing purposes, of the net magnetic ?eld seen by 
the ?eld measuring apparatus. 

Still another obj ect of the invention is to provide a method 
for making a magnetoelastic torque transducer including a 
unitary shaft of generally homogeneous chemical composi 
tion throughout comprising separate active and passive 
regions having magnetic properties appropriate for its 
respective function by subjecting the appropriate regions of 
the shaft to thermal phase transformation processes, 
mechanical phase transformation processes, or combina 
tions of thermal and mechanical phase transformation pro 
cesses to obtain the respectively desired metallurgical phase 
in each such region in order to endoW each such region With 
magnetic properties appropriate for its respective function. 

These objects and others are achieved by providing a 
torque sensor comprising a magnetoelastically active region 
on a torqued shaft, and a magnetic ?eld sensor, such as a 
Hall effect sensor, responsive to the transducing region ?eld 
Which arises as a result of the application of torque to the 
magnetoelastically active region. In the preferred 
embodiment, the magnetoelastically active region is polar 
iZed in a single circumferential direction and possesses 
sufficient magnetic anisotropy to return the magnetiZation in 
the region, folloWing the application of torque to the 
member, to the single circumferential direction When the 
applied torque is reduced to Zero, the torqued shaft being 
formed of a polycrystalline material Wherein at least 50% of 
the distribution of local magnetiZations lie Within a 90° 
quadrant symmetrically disposed around the direction of 
magnetic polariZation and having a coercivity suf?ciently 
high that the transducing region ?eld does not create para 
sitic magnetic ?elds in proximate regions of the shaft of 
sufficient strength to destroy the usefulness, for torque 
sensing purposes, of the net magnetic ?eld seen by the 
magnetic ?eld sensor. In particularly preferred embodiments 
the shaft is formed of a randomly oriented, polycrystalline 
material having cubic symmetry and the coercivity is greater 
than 15, desirably greater than 20 and, preferably, greater 
than 35. 

In another embodiment of the invention these and other 
objects are achieved by providing a torque sensor including 
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4 
a unitary shaft of generally homogeneous chemical compo 
sition throughout comprising separate active and passive 
regions having magnetic properties appropriate for its 
respective function. Such a torque sensor is made by sub 
jecting the appropriate regions of the shaft to thermal phase 
transformation processes, mechanical phase transformation 
processes, or combinations of thermal and mechanical phase 
transformation processes to obtain the respectively desired 
metallurgical phase in each such region in order to endoW 
each such region With magnetic properties appropriate for its 
respective function. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1(a) is an assembly draWing shoWing the torque 
sensor of the present invention including an active region 
ABC having adjacent, oppositely polariZed, magnetically 
contiguous circumferential regions formed on a solid shaft. 

FIG. 1(b) shoWs the sensor of FIG. 1(a) utiliZing a holloW 
rather than a solid shaft. 

FIG. 1(c) shoWs the sensor of FIG. 1(a) having an 
increased diameter shaft portion on Which the active region 
is formed. 

FIG. 1(LD shoWs the sensor of FIG. 1(a) including an 
active region AB having only a single direction of polariZa 
tion. 

FIG. 1(6) shoWs the sensor of FIG. 1(a) having a reduced 
diameter shaft portion on Which the active region is formed. 

FIG. 10‘) shoWs the sensor of FIG. 1(6) except that the 
reduced diameter active region is on a separate shaft. 

FIG. 1(g) shoWs the sensor of FIG. 1(a) including an 
active region ABCD having three adjacent, oppositely polar 
iZed magnetically contiguous circumferential regions. 

FIG. 2(a) is a graphical illustration of a typical “major” 
hysteresis loop. 

FIG. 2(b) is a graphical illustration of a typical “minor” 
hysteresis loop. 

FIG. 3 illustrates front and side elevational vieWs of a 
typical arrangement of a shaft and polariZing magnets for 
simultaneously creating tWo polariZed regions. 

FIG. 4 is a graphical representation of the relationship 
betWeen the strength of the polariZing magnets and the 
sensitivity of the resulting sensor. 

FIG. 5 is a graphical representation of the relationship 
betWeen the relative radial magnetic ?eld intensity arising as 
a result of the application of torque and the axial position 
along the active region of the shaft. 

FIG. 6 is a graphical representation of the transfer func 
tion of a collarless torque sensor made from High Speed 
Steel material shoWing the relationship betWeen applied 
torque and radial ?eld intensity. 

FIG. 7 is an assembly draWing of a torque sensor of the 
present invention shoWing, on the shaft, a central active 
region formed of a ferromagnetic, magnetostrictive material 
and passive regions formed of a loW permeability material. 

FIG. 8 illustrates one method of making the sensor of FIG. 
7. 

FIG. 9 is a graphical representation of the relationship 
betWeen cold Working roll separation and the sensitivity of 
the resulting sensor. 

FIG. 10 is a graphical representation of the relationship 
betWeen the duration of cold Work rolling and the sensitivity 
of the resulting sensor. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the past feW years an increased interest has developed 
in non-contact type, magnetoelastic torque sensor compris 
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ing a shaft, a magnetoelastically active element endowed 
With uniaxial magnetic anisotropy having the circumferen 
tial direction as the easy axis and magnetically polarized in 
a circumferential direction on the surface of the shaft and a 
magnetic ?eld sensor for sensing the magnitude of the 
magnetic ?eld arising as a result of the application of torque 
to the shaft. It has thus far been most desirable to utiliZe a 
physically separate part, e.g., a ring or “collar”, to perform 
the active element function. In such a sensor, the uniaxial 
magnetic anisotropy is typically developed as a result of 
“hoop stress” arising from an interference ?t betWeen the 
shaft and the ring. In accordance With the present invention, 
it has been found that, in lieu of creating a ring/shaft 
interface, With its attendant problems, a polycrystalline shaft 
Wherein a preponderance of the distribution of local mag 
netiZations is con?ned to lie Within a 90° quadrant sym 
metrically disposed around the direction of circular rema 
nence Will exhibit suf?cient magnetic anisotropy in the 
circumferential direction to give rise to a sensible magnetic 
?eld upon the application of torque to the shaft. It, therefore, 
appears that by careful selection of a ferromagnetic shaft 
material an active region can be created directly on the shaft 
merely by appropriate circumferential polariZation. It is 
clear, hoWever, that adequately active regions cannot be 
created on just any ferromagnetic shaft. In this connection, 
the signi?cant concerns are stability, linearity and hysteresis. 

Stability, linearity and hysteresis are not fully independent 
characteristics of a torque transducer. For example, the 
presence of hysteresis is an obviously limiting factor on 
linearity. Moreover, since the presence of hysteresis signi?es 
that irreversible magnetiZation altering processes are at 
Work, the question of Whether the transfer function associ 
ated With a novel torque excursion Will be precisely repeated 
at the hundredth repetition of the same excursion is not 
knoWn until tried. In general, the change from one stable 
hysteresis loop to another is progressive (a process called 
“reptation”). It is clearly desirable to avoid or at least 
minimize irreversible magnetiZation processes. Irreversible 
magnetiZation alteration occurs, for the most part, by either 
(or both) of tWo processes: domain Wall motion and vector 
rotation from one easy axis to another. Since the anisotropies 
that are present in any practical material are suf?ciently 
large, and since easy axes Will have substantially larger 
angular separations than the tilt angles that occur With 
normally experienced torsional stresses (e.g., 90° compared 
to <10°), vector rotation does not appear to be a signi?cant 
threat as a potential source of irreversibility in the transfer 
function although vector rotation betWeen easy axes that are 
nearly equidistant from the circumferential direction may be 
operative during initial torque cycling. Thus if there is a 
signi?cant amount of hysteresis or reptation in the trans 
ducer transfer function, the culprit Will more likely be found 
to be domain Wall motion. 

The in?uence of domain Wall motion on sensor operation 
and hoW to avoid its adverse effects Will become apparent 
after identifying and examining those characteristics of a 
shaft that are active in the operation, and ultimately the 
performance, of a collarless torque sensor. These character 
istics include siZe and shape features of the active and 
adjoining regions in addition to a variety of material prop 
erties. As Will be seen, the performance of the torque sensor 
is dependent on interrelationships among several of these 
characteristics as Well as on the magnitude of certain speci?c 
properties. The schematic illustration of the basic construc 
tion of a collarless torque sensor shoWn in FIG. 1(a), 
together With the description Which folloWs should help 
make this clear. 
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6 
Referring ?rst to FIG. 1(a), a torque sensor according to 

the present invention is shoWn generally at 2. Torque sensor 
2 comprises transducer 4 and magnetic ?eld vector sensor 6. 
Transducer 4 comprises one or more axially distinct, mag 
netically contiguous, oppositely polariZed circumferential 
bands or regions 8, 10 solely de?ning the active or trans 
ducer region of the shaft 12. Region 14 of the shaft to the left 
of A and region 16 to the right of B are distinguishable from 
the active region only by the absence of any signi?cant 
remanent magnetiZation. Shaft 12 is typically formed of a 
ferromagnetic, magnetostrictive material having a particu 
larly desirable crystalline structure, as Will be discussed 
more fully hereinafter, such that the active region Will, 
likeWise, be formed of ferromagnetic, magnetostrictive 
material having the desired crystalline structure. Torque 20 
is applied at one portion of shaft 12 and is transmitted 
thereby to another portion of the shaft Where the motion of 
shaft 12 due to torque 20 performs some useful Work. Torque 
20 is shoWn as being in a clockWise direction looking at the 
visible end of shaft 12, but obviously can be applied to rotate 
or tend to rotate the shaft in either or both directions 
depending on the nature of the machine incorporating shaft 

Transducer 4 is magnetically polariZed in a substantially 
purely circumferential direction, as taught in US. Pat. Nos. 
5,351,555 and 5,520,059, the disclosures of Which are 
incorporated herein by reference, at least to the extent that, 
in the absence of torque 20 (in a quiescent state), it has no 
net magnetiZation component in the direction of axis 11 and 
has no net radial magnetiZation components. The closed 
cylindrical shape of transducer 4 enhances the stability of 
the polariZation by providing a complete circuit. 
As Will be seen, due to the construction, material selection 

and processing of transducer 4, application of torsional 
stress to shaft 12 causes reorientation of the polariZed 
magnetiZation in transducer 4. The polariZed magnetiZation 
becomes increasingly helical as torsional stress increases. 
The helicity of the magnetiZation in transducer 4 depends on 
the magnitude of the transmitted torque 20 and the chirality 
is dependent on the directionality of the transmitted torque 
and the magnetoelastic characteristics of transducer 4. The 
helical magnetiZation resulting from torsion of transducer 4 
has both a circumferential component and an axial compo 
nent along axis 11. Of particular importance is that the 
magnitude of the axial component depends entirely on the 
torsion in transducer 4. 

Magnetic ?eld vector sensor 6 is a magnetic ?eld vector 
sensing device located and oriented relative to transducer 4 
so as to sense the magnitude and polarity of the ?eld arising 
in the space about transducer 4 as a result of the reorientation 
of the polariZed magnetiZation from the quiescent circum 
ferential direction to a more or less steep helical direction. 
Magnetic ?eld vector sensor 6 provides a signal output 
re?ecting the magnitude of torque 20. In a preferred 
embodiment, magnetic ?eld vector sensor 6 is an integrated 
circuit Hall effect sensor. Wires 24 connect magnetic ?eld 
vector sensor 6 to a source of direct current poWer, and 
transmit the signal output of magnetic ?eld vector sensor 6 
to a receiving device (not shoWn), such as a control or 
monitoring circuit for the machine or system incorporating 
shaft 12. A more detailed discussion of the types, 
characteristics, positioning and functioning of magnetic ?eld 
vector sensors appears in US. Pat. Nos. 5,351,555 at col 
umns 6—9 and 5,520,059 at columns 7—11 and 25, the 
disclosures of Which are incorporated herein by reference. 
The tWo circumferentially polariZed regions 8,10 together 

constitute the transducer’s active region 4. The ?eld sensor 
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shown is centered on the “Wall” between the tWo oppositely 
polarized regions and is oriented to sense the radial ?eld at 
this location. One or more magnetic ?eld sensors may be 
utiliZed. In general, each such sensor Would be located near 
the active region and oriented such that it is maximally 
ef?cient at sensing the ?eld that arises When the shaft is 
transmitting torque. The similarity betWeen this transducer 
and the more conventional design of US. Pat. Nos. 5,351, 
555 and 5,520,059 employing an active region endoWed 
With uniaxial circumferential anisotropy (“ring sensor”) is 
obvious. Some of the differences are equally obvious, others 
are more subtle: 

1. The active region in this basic collarless design is 
de?ned solely by the existence of the remanent mag 
netiZations indicated. Portions of the shaft to the left of 
A and to the right of B are distinguishable from the 
portion betWeen A and B only by the absence (in such 
portions) of any appreciable remanent magnetiZations. 
Thus, except for secondary reasons associated With 
other shaft functions, or to visually identify the active 
region, or to optimiZe some feature of the transducer 
performance, neither the chemical composition, metal 
lurgical condition, diameter, surface treatment or ?nish 
of the shaft betWeen A and C is different from portions 
to the left of Aor to the right of C. While the dual active 
region, i.e., tWo magnetically contiguous, oppositely 
polariZed circumferential rings, is the preferred 
arrangement in connection With the present invention 
(as compared to a single polariZed region as in US. Pat. 
No. 5,351,555), the reasons for the preference have 
more to do With obtaining the sharply de?ned magne 
tiZation gradient at B (hence a strong divergence When 
these magnetiZations are tilted under torsion) than to 
avoid the ambiguous effects of ambient axial ?elds at 
the less sharply de?ned borders betWeen circularly 
magnetiZed and non-remanently magnetiZed regions at 
A and C. In this connection, note that if A and C 
represent the ends of an active region having a single 
direction of circular remanence, the axial component 
When tilted by an axial ?eld, is more or less matched by 
the axial component that develops Within the unpolar 
iZed regions to the left of A and to the right of C. Thus, 
unless the active region is near an end of the shaft, axial 
?elds cause little divergence in the axial magnetiZation, 
hence little “signal” ?eld. Torsional stress on the other 
hand, While also causing the circular remanence to 
develop an axial component, does not alter the axial 
component of magnetiZation Within the non 
magnetiZed regions of the shaft. Hence, there is a 
divergence of this component and an external ?eld 
thereby arises. This divergence is reduced from that 
Which occurs at B in the dual region con?guration, not 
only because the polarity of the remanence reverses at 
B, but because the polariZing process results in a more 
diffuse gradient in remanence at A and C. In this 
connection, it may in fact be desirable to deliberately 
diffuse the “edges” of the circular remanence at A and 
C in order to reduce the ?eld intensity in these regions 
thereby reducing the effects of these ?elds on nearby 
shaft material. 

2. Since the active (?eld generating) region is an integral 
part of a homogeneous shaft, the shaft material must be 
ferromagnetic. The higher the saturation magnetiZation 
the greater the potential for generating a torque depen 
dent magnetic ?eld. Plain and loW alloy carbon steels 
have saturation magnetiZations in the same range as 
elemental iron (4pMS=21,600 Gauss=2.16 Tesla). 
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8 
Alloying usually reduces MS about in proportion to the 
percentage of non-ferromagnetic alloying elements. 
Nickel in small quantities has little effect, cobalt raises 
MS. Some high strength steels are highly alloyed, 
having combined non-iron constituents as high as 30%. 
Nevertheless any of the ferromagnetic steels that might 
be used for shafts Will undoubtedly have MS Within 
20% of that of iron. Hence the actual value of MS of the 
speci?c shaft material has limited independent impact 
on the performance of the torque transducer. 

. The active region, hence the shaft itself must be 
magnetostrictive. The product of magnetostriction 1 
and the torsional principal stress s provides the mag 
netoelastic anisotropic in?uence that is fundamental to 
the operation of the transducer. As in the torque sensor 
of US. Pat. No. 5, 351,555, it is this anisotropy that 
biases the easy axis in one axial direction or the other, 
thereby creating the magnetiZation divergence that is 
the source of the signal ?eld. The individual crystallites 
that make up the polycrystalline materials from Which 
the shafts are fabricated rarely have isotropic magne 
tostrictions. In iron, 1 is particularly anisotropic, even 
to the extent that it varies in sign according to the 
direction in Which the crystal is magnetiZed. For 
example, When an ideally demagnetiZed single crystal 
of iron is magnetiZed parallel to a cube edge, its length 
in that direction increases 20 ppm; When magnetiZed 
parallel to a cube diagonal, it decreases its length in that 
direction by 21 ppm. In the language of magneticians, 
11OO=20 ppm and 1111=—21 ppm. Small percentages 
(>>3%) of some alloying elements, e.g., Ni and Si, 
reduce the absolute value of 1111 resulting in a more 
isotropic magnetostriction.) There are tWo points to be 
remembered here. Firstly, it should be realiZed that 
there are no domain Walls in the remanent condition, or, 
if any 90° Walls have formed as a result of internal 
?elds, that they are effectively pinned. Secondly, since 
the quiescent magnetiZation is along easy axes (e.g., in 
<100> directions in typical steel shafts), it must be 
rotated aWay from these easy axes by the magnetoelas 
tic anisotropy 1s. It is, in the interest of a linear transfer 
function, desirable for the magnetoelastic energy to 
stay in direct proportion to the torque (i.e., to s). Hence, 
it is desirable for 1 to stay constant as the magnetiZation 
vectors are rotated aWay from the quiescent easy axes 
by 1s. In some crystals, depending on their orientation, 
rotation toWards the +s direction Will bring the vector 
closer to the <111> direction, hence, if 1111 is negative, 
there Will, betWeen the <100> and the <111> directions, 
be a compensation point Where 1s=0 for any value of s. 
In pure iron and steels With very loW alloy content, 
even <110> is negative so it is not possible With these 
materials to avoid this undesirable condition for any 
crystal orientation. This is Why Ni and Si are desirable 
alloying elements. 

. The active region, hence the shaft itself must possess 
some source of anisotropy to return the magnetiZation 
to the established (during the polariZation process) 
circumferential direction When the torque is reduced to 
Zero. To ensure a symmetrical response to CW and 
CCW torques, the distribution of this quiescent anisot 
ropy should be symmetrical about the circumferential 
direction. To ensure that the magnetoelastic anisotropy 
associated With the torque causes all of the remanently 
magnetiZed portions of the shaft to contribute coopera 
tively in the development of an axial component, the 
quiescent anisotropy should noWhere depart more than 
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45° from the circumferential direction. Stated 
otherwise, the need for anisotropy is an expression of 
the need to con?ne the circular remanence Within the 
circumferentially oriented 90° quadrant. Satisfactory 
performance is obtainable if at least 50% of the local 
magnetiZations lie Within the 90° quadrant Which is 
symmetrically disposed around the direction of the 
circular remanence. If the quiescent anisotropy has as 
its principal source the magnetocrystalline anisotropy 
associated With the atomic arrangements of a latticed 
structure possessing multiaxial symmetry, e.g., a ran 
domly oriented polycrystalline material Wherein each 
crystallite has cubic symmetry (including distorted 
cubic, e.g., tetragonal) With <100> or <111> easy axes, 
the quiescent circumferential remanence in more than 
50% of the crystallites Will automatically meet this 
“45°” requirement. The magnetocrystalline anisotropy 
in iron and all common steels have such cubic sym 
metry and thus (based solely on this requirement) are 
all candidate materials for collarless torque transducers. 
The magnitude of the anisotropy of pure iron is gen 
erally reduced by common alloying elements, although 
tungsten and, to a lesser extent, manganese cause it to 
rise. Molybdenum, vanadium and tin cause relatively 
small doWnWard changes, While chromium is slightly 
less sluggish in causing the anisotropy to decrease from 
that of pure Fe. Sufficient quantities of Ni, Co, Si or Al 
can drive the anisotropy to Zero (and beloW). In col 
larless torque transducers We are concerned about the 
absolute magnitude of the crystal (short for 
magnetocrystalline) anisotropy being too loW, since 
this is the “spring” that returns the magnetiZation to its 
quiescent circumferential direction When the torque is 
removed. Thus for example,, if the crystal anisotropy 
(K1) is smaller than lsr, Where sr is the magnitude of 
residual stresses associated With prior processing of the 
shaft, then K1 is no longer the principal anisotropy and 
more than 50% of the quiescent remanence may no 
longer meet the 45° distribution requirement. Here is 
the ?rst glimpse of the importance of interrelationships 
betWeen the several material properties that are indi 
vidually important to the operation of the transducer. 
While K1 and 1 are compositionally dependent 
(intrinsic) properties, sr and other structure dependent 
properties (e.g., textures, chemical or structural 
ordering) act in concert With the intrinsic properties to 
determine the magnitude, orientation and symmetry of 
quiescent anisotropies. Also, While small amounts of Ni 
or Si effectively raise 1, they also tend to reduce K1. 
Thus in selecting the appropriate alloy for the shaft, We 
have to carefully moderate alloy content. 

. While it should, by noW, be recogniZed that in the 
present invention the shaft itself must be ferromagnetic, 
magnetostrictive and provide the necessary magnitude 
and orientation distribution of magnetic anisotropy, the 
response of the shaft magnetiZation to magnetic ?elds 
has not, thus far, been considered. Ferromagnetic mate 
rials are readily characteriZed by the magnitude of the 
magnetiZation changes induced by magnetic ?elds and 
the magnitude of the ?elds required to induce signi? 
cant magnetiZation changes. Since these characteristics 
are not single valued functions of one variable, they are 
conveniently described by a plot of magnetiZation M vs 
?eld H as H is cyclically varied over a symmetrical 
bipolar range. The salient features of such a major 
hysteresis loop are indicated in FIG. 2(a), discussed 
more fully hereinafter, Wherein the various slopes and 
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10 
intercepts are variable from one material to another, the 
slopes represent local susceptibilities, the intercepts on 
the y axis are the remanent magnetiZation and on the X 
axis, the coercive force. 

The changing slopes over the various portions of the 
hysteresis loop re?ect the different processes involved in the 
magnetiZation changes that take place in ?elds of different 
intensities. Our concern for these details is not merely 
academic since, in the operation of the collarless torque 
transducer, magnetic ?elds arise from the active region and 
these ?elds pervade not only the space in Which the ?eld 
sensor(s) is located but also the space occupied by the shaft 
itself. The magnetiZation changes caused to take place 
Within non-active portions of the shaft results in other ?elds 
arising and these (parasitic) ?elds also pervade the regions 
of space Where our ?eld sensor(s) are located. Thus, in the 
interest of not corrupting the transfer function of the active 
region, it is important that the parasitic ?elds be very small, 
ideally Zero, in comparison With the active region ?eld or, if 
of signi?cant intensity, that they change linearly and anhys 
teretically (or not at all) With applied torque, and that they 
be stable With time and under any of the operational and 
environmental conditions that the shaft might be subjected 
to. Stated otherWise, any parasitic ?elds Which arise must be 
suf?ciently small compared to the active region ?eld that the 
net ?eld seen by the magnetic ?eld sensors is useful for 
torque sensing purposes. Since the parasitic ?elds have as a 
source the magnetiZation Within the non-active portions of 
the shaft, it is clearly desirable for such magnetiZation to be 
kept small, or if of signi?cant magnitude, that it changes 
little under the action of the ?elds generated by the active 
region (and other ambient or accidentally imposed ?elds). 
Small magnetiZations can be assured if MS is small or if the 
susceptibility (c=DM/DH), or its close relative, permeability 
(m=c+1) is small. It is clearly not possible (in this basic 
collarless design) for MS to be small since a large MS is 
preferred for the active region. Thus, in order to minimiZe 
the corrupting in?uence of parasitic ?elds, it is important to 
utiliZe a shaft material having small c in any value of ?eld 
to Which it might be exposed. The value of c depends on 
Whether the magnetiZation change is primarily due to vector 
rotation or motion of domain Walls. Vector rotation is 
resisted by the anisotropy, Whereas domain Wall motion is 
resisted by heterogeneity. Coercivity provides a measure of 
the difficulty experienced by the ?eld in altering the mag 
netiZation. The coercive ?eld HC is de?ned as the ?eld 
intensity required to reduce the remanent magnetiZation (the 
magnetiZation that remains after having been exposed to a 
saturating ?eld) to Zero. Thus at HC, 50% of the magneti 
Zation has been reversed. If the magnetiZation reversal is 
taking place solely by vector rotation, HC (for such processes 
HC is also called the critical ?eld), in materials composed of 
randomly oriented crystallites having cubic symmetry With 
K1>0, is equal to 2K1/MS. For iron, With K1=450,000 
ergs/cm3 and 4pMS=21,600 Gauss, HC for vector rotation is 
524 Oe. Measured values of HC for plain carbon and loW 
alloy steels are typically in the range of 5 to 50 Oe (even 
loWer for annealed iron) depending on the alloy content and 
thermal or mechanical treatments. Thus it is clear that the 
principal process by Which magnetiZation is altered in these 
materials is not vector rotation but, rather, is domain Wall 
motion. It is also clear that a material having HC=50 Oe is 
better for use in a collarless torque sensor than one in Which 
HC=5 Oe. Correspondingly, still higher values of HC, eg 524 
Oe, Would still be better. In any one steel, HC may be 
increased by a factor of 5 or more by cold Work or by heat 
treatment. HC is generally higher When in the mechanically 
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hardest (strongest) condition. This follows from the fact that 
strength re?ects the presence of impediments to the How 
(glide) of one layer of atoms over another Within the crystal 
(dislocations, voids, inclusions, precipitates, lattice distor 
tions due to interstitial atoms, stress, etc.) and HC re?ects the 
pinning effect on domain Walls of these same inhomogene 
ities in the crystal structure. 

The contradictory, often opposite, effects of the various 
material and magnetic parameters, as illustrated by the 
foregoing, present a dilemma in the design of collarless 
torque transducers. In the interest of having the torque 
develop magnetic ?elds of suf?cient amplitude to be readily 
sensed by economical ?eld sensing devices, and to be 
substantially larger than usually encountered ambient ?elds, 
it is desirable that the active region produce ?elds as large 
as possible (favor high l/Kl, high MS). Yet if these ?elds are 
of suf?cient intensity to cause signi?cant changes in the 
magnetiZation Within the active region, the transfer function 
Will not be stable at high torque levels (favor high K1/ 1, loW 
MS). If these ?elds are of suf?cient intensity in portions of 
the shaft that are proximate to the active region, the resulting 
parasitic ?elds can corrupt the transfer function of the 
transducer in Ways (hysteresis, instability and non-linearity) 
that diminish or destroy the usefulness of the device (favor 
loW MS, 1 and c, high HC and K1). The problems can be 
immediately alleviated if domain Walls can be pinned suf 
?ciently securely to raise the actual HC closer to the limit 
established by the anisotropy. While primarily a materials 
problem, the selection of a shaft material, the processes used 
to fabricate the shaft and its subsequent thermal and 
mechanical treatments are usually made to best ful?ll the 
primary shaft function, i.e., the transmission of torque, With 
little concern for Whether these factors satisfy the prefer 
ences for torque sensing. 

It should be emphasiZed that all of the foregoing discus 
sion pertains to the basic or simplest collarless design 
illustrated in FIG. 1(a). As Will become clear from a con 
sideration of other embodiments of the present invention, to 
be described hereinafter, there is nothing in the concept of a 
collarless design that forbids alteration of the active region 
(or of the non-active portions of the shaft) in such a manner 
as to obtain better combinations of the signi?cant properties 
than exist in other portions of the shaft. Thus, it is not 
essential to the concept of a collarless transducer that the 
presence of a remanent magnetiZation be the sole charac 
teristic that distinguishes the active region from adjoining 
regions of the shaft. Various local treatments and other 
modi?cations are described in US. Pat. No. 5,391,555, 
columns 4—15, and are incorporated herein by reference. 

Other variations from the basic collarless design Would 
seem, on the basis of our present understanding, to lead to 
performance improvement. For example, With reference to 
FIG. 1(c), if the shaft Were increased in diameter over a 
limited axial extent, that Was then circumferentially magne 
tiZed (i.e., the active region is on a shoulder), the intensity 
of the signal ?eld in the (noW not so) proximate portions of 
the shaft Would be reduced even if the active region pro 
duced the same ?eld per unit torque as the single diameter 
basic design of FIG. 1(a). Moreover, the ?eld sensor(s) 
Would noW be further from the source of parasitic ?elds. 
As previously mentioned, it may prove bene?cial to 

“taper” the circumferential magnetiZation, thereby diffusing 
the A and C edges of the active region shoWn in FIG. 1(a). 
The purpose here is to reduce parasitic ?elds from the 
inactive portions of the shaft, both by reducing the intensity 
of the signal ?eld in these portions (Which reduces the 
magnetiZation of these portions) and by reducing the inten 
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sity of the torque dependent ?elds Which Would arise from 
these portions When magnetiZed by the signal ?eld. This 
approach may be readily implemented by tapering the 
proximity to the active region or strength of the magnets 
used to create the polariZations Which form the active region. 

HolloW, through hardened shafts, such as in FIG. 1(b), 
Would appear to be better than solid or case hardened shafts 
for several reasons. A holloW shaft is more uniformly 
stressed by torsion than a solid shaft, thus all of the cross 
section can contribute to the signal ?eld. Creating a circular 
remanence throughout a solid shaft is not possible. Even 
approximating this in a large diameter shaft becomes 
impractically difficult. Even if circular magnetiZation Were 
attainable, the central regions of the shaft Would contribute 
little to the signal ?eld since they are so lightly stressed. 
Moreover these central regions become “proximate perme 
able material” and might Well be a source of parasitic ?elds, 
thereby diminishing rather than contributing to the perfor 
mance of the torque transducer. This potentially negative 
property of solid shafts Would, in general, be exacerbated 
since, even in through hardened shafts (Wherein the hardness 
results from quenching), the central regions are generally not 
as hard as the surface regions and thus Will have a loWer HC. 
For these reasons through hardening Would appear to be 
more desirable than case hardening. On the other hand, 
surface hardening by nitriding might be bene?cial since it 
can further raise the hardness of some steels thereby prob 
ably also raising HC. Cryogenic treatments are also knoWn to 
substantially increase the hardness of commonly used (case 
hardened) shaft materials (e.g., from Rockwell 60 to 64 for 
8620 and from R55 to R62 for 4320). Such treatments may 
also raise HC. 

FIG. 1(d) illustrates the same sensor as in FIG. 1(a) except 
that the active region is polariZed in only a single direction. 
This construction is suitable for solid or holloW shafts but 
not good for shouldered shafts since the end regions (A and 
B) Would develop poles in an axial magnetic ?eld. It has 
been found that the placement of a second sensor at the right 
end of the active region (shoWn in phantom) helps reduce 
sensitivity to ambient ?elds in the diametral direction. 

FIG. 1(e) illustrates the same sensor as in FIG. 1(a) except 
that the diameter of the shaft in the active region is reduced 
from that of the main shaft. In this con?guration, the 
magnetic “poles” that form at A and C When the shaft is 
carrying torque are less effective in magnetiZing the larger 
volume of material in the adjoining regions. This Will reduce 
the intensity of the parasitic ?elds contributed by these 
regions. This construction also alloWs the ?eld sensor(s) to 
be located radially inWard from the surfaces of the larger 
diameter sections, to locations Where the intensity of the 
parasitic ?elds is reduced. As With the shouldered design of 
FIG. 1(a), this construction is not suitable for use With a 
single polariZed region. 

FIG. 1()‘) illustrates the same sensor as in FIG. 1(e) except 
that the active region is noW formed on a separate shaft. 
While shoWn as having a reduced diameter over its entire 
length, the section of this magnetoelastically active shaft 
betWeen A and C may in fact have the same or a larger 
diameter than the Main Shaft sections to Which it is attached 
(Which need not have the same diameter at each end). The 
active shaft may be rigidly attached to the Main Shafts by 
interference ?ts, pinning, Welding, screW threads or the like. 
The Main Shafts are preferably made of non-ferromagnetic 
material, e.g., stainless steel, aluminum brass, ?berglass, 
plastic, etc., but may also be made of loW permeability 
ferromagnetic material, preferably having a loW 
magnetostriction, e.g., hardened, plain carbon steel, and are 
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incapable of creating signi?cant parasitic ?elds. The active 
shaft may be hollow or solid and is circumferentially polar 
iZed only betWeen AB and BC. Since the AA‘ and BB‘ 
regions also carry smaller percentages of the torque, their 
contributions to parasitic ?elds is minimal. Also those por 
tions of the active shaft not in the active region are not 
readily accessible to local sources of possibly disturbing 
?elds such as magnetiZed tools (screW drivers, Wrenches, 
etc.). 

FIG. 1(g) illustrates the same sensor as in FIG. 1(a) except 
With three (3) circumferentially polariZed regions and 2 
large divergence “domain Walls” (at B and C). The increased 
?eld intensity therebetWeen also enables the use of a single 
axially oriented ?eld sensor (shoWn in phantom) in lieu of 
tWo ?eld sensors, one at each domain Wall. 

FIG. 2(a) illustrates the shape and salient features of a 
typical “major” hysteresis loop, i.e., one Wherein the limit 
ing ?elds are suf?cient for the magnetiZation to shoW signs 
of approaching saturation. This is evidenced by the ?atten 
ing of the loop extrema and the narroWing of the difference 
in magnetiZations betWeen ascending and descending 
“limbs” of the loop. Hysteresis loops effectively represent 
dynamic phenomena; they are traversed in a counterclock 
Wise direction—up and to the right, doWn and to the left, etc. 
For the major loop shoWn here it should be apparent that 
further increases in the ?eld beyond 1100 Oe Will not raise 
the peak magnetiZations signi?cantly above :18 kG. When 
the ?eld is reduced to Zero after having reached these 
“technical saturation” values, the magnetiZation “falls back” 
to a value indicated as R (or R‘ for ?elds of the opposite 
polarity). R and R‘ represent the “remanent” magnetiZation. 
The value of R in the loop shoWn is 15.8 kG. The “rema 
nence ratio,” i.e., the ratio of the remanent magnetization to 
the peak magnetiZation, for this loop is (15.8/18)=0.878. In 
a material having uniaxial anisotropy in the ?eld direction, 
the remanence ratio Would be equal to 1.00, its highest 
possible value. If the ?eld direction is normal to the anisot 
ropy in such a material, the remanence ratio Would be Zero, 
its loWest possible value. In a material having a random 
orientation of cubic crystallites With easy axes along the 
cube edges, this ratio Would be 0.8312. If the easy axes Were 
along cube diagonals, the remanence ratio Would be 0.866. 
The relatively high remanence ratio of the loop shoWn in 
FIG. 2(a) indicates that the crystallites are either not ran 
domly oriented or that some other anisotropic in?uence is 
also present. In either case, hysteresis loops for other ?eld 
directions Would generally exhibit larger or smaller 
(different) remanence ratios. 

The value of the ?eld Where the magnetiZation is reduced 
to Zero (points C and C‘), is the “coercive ?eld”. The 
coercive ?eld generally increases With increasing peak ?eld 
excursions, reaching a maximum value (called the “coercive 
force”) at saturation. The coercive ?eld in the loop shoWn is 
30 Oe, a value only minimally smaller than the coercive 
force of the hypothetical material exhibiting the indicated 
loop. If the magnetiZation reversal betWeen R and C‘ Was by 
coherent rotation (in each domain) of the local moments 
against a crystal anisotropy of 400,000 ergs/cm3 (a typical 
value for loW alloy steels), the coercive force Would be 
2><400,000/(18,000/4p)=559 Oe, nearly 19 times the 
observed value. Thus, if the loop shoWn is for a material of 
this type (e.g., loW alloy steel), magnetiZation reversal 
clearly occurs primarily by domain Wall displacement rather 
than by coherent rotation. 
A and A‘ in FIG. 2(a) indicate the extrema of a “minor” 

hysteresis loop, i.e., one in Which the peak ?eld excursions 
are signi?cantly less than the coercive force. An enlarged 
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vieW of this minor loop is shoWn in FIG. 2(b). While both 
the remanence and coercive ?eld of this loop are seen to be 
quite small, they are not Zero. Hence, even for small 
excursions of an applied ?eld, the resulting magnetiZation 
alterations are seen to include some irreversibility. The 
smaller the ?eld excursion of a minor loop, relative to the 
coercive force, the smaller are these irreversible features. 
For very small (relative) ?eld excursions the “loop” narroWs 
to a straight line through AA‘. In any case the slope of the 
straight line through AA‘ of minor loops is knoWn as the 
reversible susceptibility (crev). In a magnetiZed specimen, 
the value of crev changes little (perhaps over a range of 
115%) at any point on the major loop Within the coercive 
?eld. While minor loops for uniaxial material exhibit neither 
remanence nor coercivity they generally exhibit a ?nite crev 
in ?elds normal to the anisotropy and Zero crev (for perfectly 
uniform and coherent anisotropy) in ?elds parallel to the 
anisotropy axis. 
The fact that most materials exhibit ?nite crev, remanence 

and coercivity, even in small ?elds, is clearly pertinent to the 
operation of collarless torque transducers. By virtue of their 
?nite crev, regions of the shaft that are exposed to the ?elds 
Which are generated by the active region When torque is 
applied to the shaft develop a magnetiZation. Within the 
active region itself, these ?elds are called “demagnetiZing” 
?elds since they act in a direction tending to oppose the 
tilting of the quiescent circular magnetiZation. Since such 
?elds can never be stronger than their causative agents, their 
action is simply to reduce the effect of torque, i.e., they 
reduce the potential sensitivity of the transducer. By virtue 
of the ?nite remanence and coercivity of the shaft material, 
the reactive magnetiZation in the non-active regions varies in 
an hysteretic fashion With the applied torque. Since the 
causative ?elds also fall off With distance from the active 
region, these reactive magnetiZations are not uniform. Nei 
ther are they circumferentially directed. Moreover, since the 
shaft material is magnetostrictive, the magnetiZation Within 
the reactively magnetiZed regions Will vary With the applied 
torque. As a result, these previously passive, neWly magne 
tiZed regions themselves contribute ?eld components in the 
space Within and around the shaft. The net ?eld seen by the 
?eld sensors (i.e., the signal ?eld) is thus the resultant of the 
purposeful ?eld from the active region and the parasitic 
?elds from the reactive regions. Not surprisingly, the desir 
ably linear and non-hysteretic transfer function of the trans 
ducer can be corrupted by the inevitable presence, in col 
larless designs, of proximate magnetiZable material. The 
desirability of keeping coercivity high should noW be clear. 

Operation of the transducer requires that the shaft “sur 
face” be remanently magnetiZed in a circumferential direc 
tion. Material that is not circumferentially magnetiZed can 
become reactively magnetiZed and thus become a source of 
parasitic ?elds. Although deeper, in terms of depth of 
magnetiZation, appears, therefore, to be better, tWo factors 
mitigate the need for circumferentially magnetiZing the 
entire shaft cross section. Firstly, the reduction in torsional 
shear stress With increasing distance from the surface 
reduces the relative potential contribution to the signal ?eld 
from the more central regions of the shaft cross section. 
Secondly, even if these deeper regions developed useful ?eld 
intensities at their location, their contribution to the ?eld 
intensity at the ?eld sensor location (some distance radially 
outWard from the shaft surface) Would be substantially 
reduced. These same factors reduce the capability of deeply 
interior, non-circumferentially magnetiZed regions to pro 
duce signi?cantly troublesome parasitic ?elds at “distant” 
?eld sensors. The ?rst factor limits the depth of circumfer 
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ential magnetization required in small shafts to perhaps 50% 
of the radius. The second factor indicates that even in very 
large shafts, circumferential magnetiZation deeper than 
10—20 mm Would provide little bene?t. In many holloW 
shafts, penetrations to such depths Would reach to the inside 
surface. This Would be a desirable condition for holloW 
shafts, especially for thin Wall holloW shafts, since they are 
made holloW in order to more efficiently use the available 
material strength and to reduce Weight. If all of the shaft 
cross section is transmitting useful torque, it Would make 
sense to have all of the cross section contribute to signal ?eld 
rather than have some of it detract from the signal ?eld and 
then contribute to the parasitic ?elds. As a practical matter, 
hoWever, it is extremely dif?cult to magnetiZe to a depth 
greater than about 1—2 mm, even on large diameter shafts, 
because it is difficult to generate a strong enough magnetic 
?eld so far from the magnetic ?eld source. 

Considering the available means for creating circumfer 
ential magnetiZation, the non-necessity of polariZing the 
entire cross section is fortuitous. Methods and procedures 
for polariZing are described in US. Pat. Nos. 5,351,555, 
columns 13—14 and 5,520,059, columns 15—16 and 26—28 as 
Well as in J. Appl. Phys. 79 (8), 4756, 1996, the disclosures 
of Which are incorporated herein by reference. Creating the 
active region in collarless torque transducers requires tWo 
additional considerations. Firstly since the active region is 
generally of limited axial extent and is to be located at some 
desirable axial position along the shaft, methods involving 
the conduction of electrical currents through the entire shaft 
or through coaxial conductors passing through holloW shafts 
are unsuitable. While various con?gurations for passing 
electrical currents through limited and Well de?ned axial 
lengths are possible, these Would have restricted applicabil 
ity and offer no recogniZable advantage. Polarization by 
rotation through the strong gradient ?eld of proximate, 
permanent or electromagnets is the greatly preferred method 
since the same polariZing equipment and process can be 
used for a Wide range of shaft diameters and materials. The 
axial length of the active region and its axial location can, by 
this method, be precisely controlled. Secondly, the polariZa 
tion of collarless torque transducers Will require much 
stronger magnetiZing ?elds than the polariZation of conven 
tional “ring on shaft” designs. This folloWs directly from 
comparisons of the major hysteresis loops of materials that 
are respectively suited for each design and from considering 
that the penetration of the magnetiZing ?eld in collarless 
designs Will in general be greater than thin ring designs for 
the same siZe shaft and that interior regions of the shafts 
used in collarless designs inherently have higher permeabili 
ties than the shafts used With ring designs. Proximate 
permeable material tends to “short circuit” the ?ux from the 
polariZing magnets, thereby diminishing the effectively 
available ?eld intensity. HoWever stated, the result is the 
same—permeable material betWeen the source magnet and 
the target shields the target from the ?eld of the magnet. In 
this case the surface regions shield the interior regions 
thereby limiting polariZation depth. As shoWn in IEEE 
Trans. Mag 28 (5), 2202, 1992 (FIG. 5) and in FIG. 5 of the 
above referenced J. Appl. Phys. paper, major loops of rings 
under hoop stress are square (uniaxial anisotropy) and 
typically shoW coercive ?elds of just a feW Oersteds. On the 
other hand, major loops of collarless torque transducer shaft 
materials Will shoW more rounded features (random cubic 
anisotropy) and exhibit coercivities greater than about 15 
Oersteds. Coercivities of 35 or more Would be preferred. 
Since it is the reverse ?eld “lobes” of the ?eld from the 
magnetiZing magnet that do the polariZing and since the 
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intensity of these lobes is only about 20% of the direct ?eld 
lobe, and also since “technical saturation” (required to 
maximiZe the remanence) requires ?elds of at least 2 times 
the coercive force of the shaft material, and, ?nally, since a 
large coercive force is better to minimiZe parasitic ?elds and 
maximiZe stability, the need for strong polariZing magnets 
for collarless designs is clear. With holloW shafts of large 
enough diameter, it might be advantageous, in regard to 
obtaining a uniform, full depth polariZation of the active 
region, to employ cooperating internal and external polar 
iZing magnets. Atypical arrangement of shaft and polariZing 
magnets is illustrated in FIG. 3 Which shoWs an arrangement 
of polariZing magnets and shaft for simultaneously creating 
tWo (2) magnetically contiguous polariZed regions, as in the 
collarless design illustrated in FIG. 1(a). The number of 
sources of polariZing ?elds Will in general be the same as the 
number of polariZed regions being created. 

In the simplest embodiment, the polariZing magnets 
Would consist typically of high energy (e.g., samarium 
cobalt or neodymium-iron-boron) permanent magnets held 
close to the shaft surface While the shaft is rotated on its axis 
in either direction. With shafts of higher coercivity, soft 
magnetic “pole pieces” may desirably be ?tted to each 
permanent magnet and be appropriately shaped and spaced 
to most ef?ciently utiliZe the available magnet mmf (to drive 
magnetic ?ux through the shaft). FIG. 3 shoWs tWo such 
polariZing magnets, “1” and “2”, having respectively oppo 
site polarities and axially spaced apart some small distance. 
The bold arroWs on the shaft indicate the directions of the 
resulting circumferential remanent magnetiZations, i.e., the 
polariZed regions, Which together constitute the active 
region of the transducer. The lines normal to the shaft axis 
are the projections of the borders of these polariZed regions. 
It is to be noted that the Width (the axial extent) of these 
regions exceeds someWhat the Width of the polariZing mag 
nets. The shaded portion betWeen the tWo oppositely polar 
iZed regions represents a sub-region Within Which the rema 
nent magnetiZation undergoes a transition from one circular 
direction to the other. The Width of this transition region can 
be made as large as one pleases merely by increasing the 
separation of the tWo polariZing magnets. While the Width of 
the transition Zone can be decreased by decreasing this 
separation distance, there is a minimum separating distance 
beyond Which the transition Zone Will get no smaller. It 
should be apparent that as magnets 1 and 2 get closer to each 
other, their respective ?elds each Weaken the other. When 
they become close enough to touch, there are no longer 
North and South poles at their interface, hence there Will be 
some distance along the magnets themselves before there 
Will be adequate ?eld intensity in the circumferential direc 
tion to polariZe the shaft. The minimum Width of this 
transition region is dependent on the effective strength of the 
polariZing magnets and the coercive force of the shaft 
material, decreasing With increases in the former and 
increasing With increases in the latter. The optimum Width of 
the transition Zone Will depend on the type, siZe and orien 
tation of the ?eld sensor(s) used to detect the torque depen 
dent ?eld. In the event that it is desired to obtain a transition 
Zone that is narroWer than can be obtained With polariZing 
magnets 1 and 2 When in their side by side positions, angular 
displacement about the shaft axis, of one magnet relative to 
the other, Will provide the separation needed to reduce their 
mutually Weakening interaction. In FIG.3, the extreme sepa 
ration of 180° is illustrated for convenience. Instead of 
magnet 2 being alongside magnet 1, it is noW rotated to the 
position illustrated in phantom and indicated as magnet 2‘. It 
might also be possible to magnetiZe one region at a time, i.e., 
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rotate the shaft With only magnet 1 in place, then, remove 
magnet 1 and rotate the shaft With magnet 2 in place. In all 
schemes using permanent magnets, the magnets Will need to 
be moved aWay from their positions close to the shaft 
(alternatively, a “keeper” may be slid betWeen the poles of 
each) before shaft rotation ceases. Electromagnets may be 
advantageously used for polariZing since their “strength” is 
adjustable and they may be effectively “shut off” Without 
physical movement of either magnets or keepers. 
An example of the dependence of torque transducer 

performance (as measured by sensitivity, i.e., ?eld per unit 
torque) on the “strength” of the polariZing magnets (as 
measured by the magnetomotive force and magnetic 
circuit reluctance) is indicated in FIG. 4. Immediately appar 
ent in this Figure is the complete absence of a torque 
dependent ?eld for magnetiZing currents beloW about 1.5 A. 
This demonstrates the need for the effective ?eld to reach 
some critical intensity before the shaft material develops any 
signi?cant circumferential remanence. This critical intensity 
is related to the coercive force of the shaft material since the 
intensity of the reverse ?eld lobes must approach the coer 
civity of the shaft material, in this case 44 Oe, in order to 
develop signi?cant remanence. Stated otherWise, the ?eld 
must get intense enough for large scale “depinning” of the 
domain Walls. As the magnetiZing current is increased above 
the threshold value (in this instance above 1.5 A), the 
sensitivity is seen to groW continuously. While the groWth in 
sensitivity With increasing current is rapid at ?rst, it soon 
diminishes, shoWing signs of eventually reaching a maxi 
mum value. Examination of the tWo data points at 12 and 15 
A With Zero spacing betWeen the magnets and the shaft, 
shoWs that the anticipated saturation of the sensitivity attain 
able With the 0.25 mm gap is more an artifact of the 
apparatus than of the true saturation of the shaft remanence. 
These tWo data points illustrate both the difficulty in reach 
ing a saturated value of sensitivity and the importance of 
minimiZing reluctance in the magnetiZing circuit. The trans 
fer function depicted here is the combined result of the 
folloWing interactive properties and phenomena: 

1. the groWth in coercive ?eld With peak magnetiZation; 
2. the coercive force of the shaft material; 
3. the radially inWard penetration of the critical ?eld 

amplitude With mmf; 
4. the diminishing shear stress With distance from the 

surface; 
5. the diminishing axial magnetiZation With distance from 

the surface; 
6. the diminishing ?eld per unit torque from these inner 

regions; 
7. the groWing distance of the ?eld sensor from ever more 

inWard ?eld sources; 
8. the reduction in transition Zone Width With increasing 

polariZing ?eld intensity; 
9. the non-linearity (saturation) of the polariZing ?eld 

With increasing current. 
Once an active region is created by local circumferential 

polariZation(s), the shaft may be properly characteriZed as a 
torque transducer. The active region Will preferably be 
comprised of dual polariZations. While in usual 
embodiments, the tilting of the remanent magnetiZation that 
results from the application of torque is sensed by a proxi 
mate device that is responsive to the intensity of some 
component of the magnetic ?eld resulting from such mag 
netiZation tilt, changes in the axial component of the rema 
nent magnetiZation associated With such tilting can also be 
sensed by the voltage (emf) induced in a coil encircling the 
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shaft and centered over a circumferentially polariZed region. 
The axial component of magnetiZation (proportional to the 
torque) can be recovered by integrating the induced emf 
With time. In the present state of electronic technology no 
completely driftless integrating means exist, although loW 
drift over the short term—in the order of several seconds to 
several minutes—is achievable. Nevertheless, in applica 
tions Where the torque of interest only exists for short 
periods, e.g., in pulse and impulse tools, this is a viable 
sensing arrangement, especially in constructions having just 
a single polariZation in the active region. 

FIG. 5 illustrates the manner in Which the relative radial 
?eld intensity (arising With the application of torque) varies 
With axial position along the active region of a polariZed 
shaft With polariZation at the highest attainable sensitivity 
shoWn in FIG. 4. The general shape of this ?eld distribution 
is consistent With the approximately quadripolar ?eld 
expected from tWo adjacent regions having oppositely 
directed axial magnetiZations. For example, this is the shape 
of the ?eld distribution that Would be seen in the space 
around tWo coaxial bar magnets placed With like poles 
abutting. Detailed examination of this Figure shoWs features 
that re?ect both the physical arrangement of the polariZing 
apparatus and the magnetic properties of the shaft material. 
For example, it Will be observed that the central peak is in 
reality tWo peaks With a small valley in-betWeen. This is the 
kind of ?eld distribution that one Would expect from the tWo 
bar magnets if their like poles are someWhat separated. It is, 
therefore, a clear indication of the presence of a transition 
Zone having a signi?cant Width. The inequality of the height 
of the tWo peaks probably represents slight differences in the 
tWo polariZing magnets. As Was seen in FIG. 4, small 
changes in the distance betWeen the magnet pole pieces and 
the shaft can signi?cantly affect the sensitivity. A small 
non-parallelism betWeen the magnet surfaces and the shaft 
Would prevent both of the magnets used to obtain this data 
from being at precisely the same distance from the shaft or 
having the full Width of each actually rubbing against the 
shaft. Since the Width of the space betWeen the magnets used 
to obtain this data Was 2.5 mm, about the same as the axial 
separation of the peaks, the relative Width of the transition 
Zone and magnet separation indicated in FIG. 3 (Wherein the 
transition Zone is narroWer than the magnet separation) is 
clearly not a general result. From What has already been 
stated it should be obvious that the transition Zone can be 
Wider than this spacing. On the other hand, When it is noticed 
that the distance betWeen the smaller (reverse polarity) 
peaks at just under :15 mm overhangs the overall magnet 
dimension of 27.5 mm, it should be apparent that for Widely 
separated magnets (Wherein the polariZed region Will over 
hang the magnet Width at both ends), the transition Zone may 
Well be narroWer than the magnet spacing.) With this under 
standing of the polariZing process, the contribution of item 
8, above, to the observed sloW approach to a saturated value 
of sensitivity may noW be appreciated. A ?eld sensor located 
at the geometric center of the space betWeen the magnets 
Will indicate an increase in sensitivity as the depth of the 
valley betWeen the peaks decreases. 

The dual peaks and imperfect symmetry of the curve 
shoWn in FIG. 5 represent just one experimental result. In 
some applications it may be desirable to have a single sharp 
central peak, While in other applications, a broad, relatively 
?at central peak Would be more desirable (for example to 
reduce the variation in sensitivity to axial “play” in the 
shaft). In general, and also to simplify explanations of the 
device, a symmetrical curve With a single central peak Would 
be preferable. On the other hand, there may be speci?c 
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applications Where tWo, several or many, single polarized 
regions might advantageously be distributed along a shaft. 
In effect such a shaft Would contain more than one active 
region, having for various special purposes, either the same 
or oppositely directed circumferential polariZations. The 
distinguishing characteristic of such multiple region 
arrangements is that the ?elds that arise from each such 
region are, in proximate space, independent of each other. A 
plot such as that shoWn in FIG. 5 Would then shoW sym 
metrical positive and negative peaks (of equal amplitude) at 
or near the ends of each polariZed region. It should be clear 
that, in transducers having more than one polariZed region, 
it is transition Zone Width that establishes the difference in 
characteriZation of the active regions as single multiple, or 
multiple single, polariZed regions. 
A related issue that needs to be brie?y addressed is the 

in?uence of the axial extent of the active region on the 
torque transducer performance. The dimensions of the active 
region require consideration from tWo concerns. First, of 
course, is the question of hoW much space is available on the 
shaft for implementation of the torque sensing function. If, 
in a speci?c application, this space is severely limited, either 
by virtue of the proximity of non-related magnetiZable 
material, e.g., ball bearings, gears, etc., this becomes the 
overriding consideration. If as much space as desired is 
available, the dimensions of the active region Will generally 
be chosen to attain some desired sensitivity (i.e., signal ?eld 
per unit torque). The goal here is not simply to maximize the 
?eld intensity at the peak value of applied torque but rather 
it is to attain a ?eld intensity that is congruous With the 
preferred type and orientation of magnetic ?eld (or axial 
magnetiZation component) sensor(s). Too high a signal ?eld 
can not only saturate some types of ?eld sensors, but may 
also magnetiZe nearby ferromagnetic material in machine 
parts serving functions unrelated to torque sensing. Since the 
signal ?eld intensity is the product of a demagnetiZing factor 
(Which decreases With length of active region) and the axial 
component of magnetiZation (Which increases With length of 
active region), the length of the active region is not a 
sensitive determinant of ?eld intensity. Thus, if a Whole 
family of torque transducers having Widely varying torque 
ranges (i.e., of various shaft diameters) is to be constructed, 
it may Well be advantageous to use an active region having 
the same dimensions for all in order to alloW the same ?eld 
sensor design to be employed With all. In terms of shaft 
diameter, a useful range of dimensions may be some integral 
multiple, e.g., four (4) times the diameter for small shafts in 
the 3 mm diameter range, to one (1) times the diameter for 
shafts in the 20 mm diameter range, to 0.3 times the diameter 
for shafts in the 100 mm diameter range. It is probably a 
useful estimate to consider that the length of the active 
region Will be betWeen 5 and 100 mm for shafts betWeen 1 
and 1000 mm in diameter. The axial extent of the active 
region is determined, for the most part, by practical consid 
erations such as the region must be long enough to develop 
a practically useful ?eld and appropriately siZed so as to be 
sensed by commercially available, practically useful mag 
netic vector sensors. In the event that the effective ends of 
such regions are deliberately made to be diffuse, the “dimen 
sions” of the active region become even less of an issue. 
Design expediency is the major consideration in determining 
the dimensions and axial location(s) of the active region(s). 
In general, it Will be preferable to locate active regions on 
areas of the shaft that are sufficiently distant from its ends to 
be unaffected by magnetiZations arising from ambient, inci 
dental or accidental magnetic ?eld sources. 
As already indicated it is necessary for the shaft to have 

an appropriate combination of mechanical, magnetic and 
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magnetoelastic properties in order that it can function as a 
useful collarless torque transducer. Suitable combinations of 
properties are found in many commonly available steels. 
Several “permanent magnet” alloys that also posses 
adequate combinations of strength and ductility are also 
suitable, although their limited commercial availability and 
relatively high cost Will restrict their use to special applica 
tions. Obtaining the required combination of mechanical and 
magnetic properties is as much a function of metallurgical 
condition as it is of chemical composition; hence the chosen 
shaft material Will almost certainly be subjected to some 
form of heat (and/or mechanical) treatment. This Will often 
consist of heating to an appropriate temperature and cooling 
at a controlled rate (e.g., air, oil or Water quenching) 
folloWed by a reheating to a loWer temperature and more 
sloWly cooled (tempering—also “aging” to precipitate inter 
metallic compounds). Cryogenic processes may be found 
appropriate to optimiZe and/or stabiliZe the obtained prop 
erties. In any case, the goal of all such treatments is to 
simultaneously strengthen the material mechanically (raise 
its yield strength) and “harden” it magnetically (raise its 
coercive force). In general it Will be found that the material 
in its ?nal condition should have a coercive force (He) 
preferably higher than 15 Oe, more desirably higher than 20 
Oe, preferably higher than 35 Oe and, ideally, higher (When 
measured in the direction of that ?eld) than the largest 
magnetic ?eld intensity that Will arise With the application of 
the maximum expected torque. 

Examples of the categories of materials that have been 
found suitable for collarless torque transducers are shoWn 
beloW. Typical grades in each category are indicated. 

1. Martensitic Stainless Steels (preferably air hardened) 
AISI/SAE Grades: 403, 410, 414, 416, 420, 431, 440A, 

440B, 440C 
2. Precipitation Hardening Stainless Steels (chromium 

and nickel) 
AISI/SAE Grades: 15-5PH, 17-4PH, 17-7PH, PH 13-8Mo 
3. Alloy Steels (quenched and tempered—sometimes car 

buriZed or nitrided) 

AISI/SAE Grades: 4140, 4320, 4330, 4340, 4820, 9310 
Typical Designations: 300M, Aermet 100, 98BV40, 9-4 

20, 9-4-30 
4. Tool Steels (preferably quenched and tempered, met 

allurgically “clean” high alloy steels) 
AISI Grades: Types A, D, H, L, M, O, T, W and high 

cobalt high speed tool steels 
5. Maraging Steels (high nickel, loW carbon) 
Typical Designations: 18 Ni 250, C-250, Vascomax 

T-300, NiMark, Marvac 736 
6. Ductile Permanent Magnet Materials 
Typical Designations: Vicalloy, Remendur, Cunife, 

Cunico, VacoZet 
7. Magnet Steels 
Typical Designations: KS Steel, MT Steel, 3.6% Cr, 15% 

Co, Tungsten Steel 
8. SpecialiZed Alloys and Other Materials 
Typical Designations: Permendur, Alfer, Alfenol, Kovar, 

Hard DraWn Nickel, Hard DraWn Permalloy 
The presently attainable performance of collarless torque 

transducers falls short of that obtainable With ring on shaft 
constructions. Hysteresis in the transfer function is the 
primary source of imperfect performance. Nevertheless, 
presently attainable performance is completely satisfactory 
for many applications. Moreover, since a Wide range of 














